Making the invisible,
visible: the beauty of
synchrotron science

Francesco Sette
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- X-RAYS: DISCOVERY IN 1895 AND THE FIRST STEPS

X-rays ... some kind of unknown particles without mass and charge

Wilhelm Conrad Rontgen (1845-1923) The first "réontgenogram"
First Nobel Prize for Physics, 1901 8 November 1895
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- X-RAYS: DISCOVERY IN 1985 AND THE FIRST STEPS
= , - y 4 -‘ll : '

VERLEIHUNG DER ROENTGEN-PLARETTE I R CHEID 6 APR O Francesco Sette The European Synchrotron | ESKE



(1895) RONTGEN’S EXPERIMENT

after W.C. Rontgen
Uber eine neue art von Strahlen.
Phys.-Med. Ges., Wiirzburg, 137, (1895)
English translation in Nature 53, 274, (1896)

On a new kind of Rays

“... A piece of sheet of aluminium, 15 mm thick, still allowed the X-rays (as | will call the rays, for sake of brevity) to pass ...”
“... Detection of interference phenomena has been tried without success, perhaps only because of their feeble intensity...”
“... The refractive index ... cannot be more than 1.05 at most ... X-rays cannot be concentrated by lenses ...”

“... Photographic plates and film are susceptible to X-rays, providing a valuable means of recording the effects ...”

name, coherence, optics, detectors

R =
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- X-RAY SOURCES: TUBES
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- X-RAYS: DISCOVERY OF X-RAY DIFFRACTION IN 1912

X-rays ... some kind of waves
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X-RAYS: DISCOVERY OF BRAGG’S LAW AND CRYSTALLOGRAPHY IN 1913

X-rays ... some kind of waves with “atomic resolution”
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plane wave
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- LIGHT

THE ELECTROMAGNETIC SPECTRUM
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- CRYSTALLOGRAPHY

X-ray crystallography: understanding materials and living matter

Aolid State Chﬁrms 2

Crystallography

2014

international year of
crystallography

e
e ool
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- X-RAY SCIENCE : 14 NOBEL PRIZES IN PHYSICS, 12 IN CHEMISTRY AND 1 IN PHYSIOLOGY AND MEDICINE

Page 10

X-ray Science: Imaging, Scattering, Diffraction, Spectroscopy

2002 - Riccardo Giacconi PHYSICS

"for pioneering contributions to astrophy e et ) T "

1981 - Kai M. Siegbahn 2012 - Robert J. Lefkowitz and Brian K. Kobilka CHEMISTRY
"for his contribution to the development "for studies of G-protein-coupled receptors” Using

1961 - Rudolf Ludwig Mossbauer 2011 - Dan Shechtman

"for his researches concerning the reson "for the discovery of quasicrystals” Synch rotron

1958 - Pavel Alekseyevich Cherenkov, | 2009 - Venkatraman Ramakrishnan, Thomas A. Steitz and Ada E. Yonath Radiation

"for the discovery and the interpretation "for studies of the structure and function of the ribosome”

1936 - Victor Franz Hess 2007 - Roger D. Kornberg

"for his discovery of cosmic radiation”  "for his studies of the molecular basis of eukaryotic transcription”

1927 - Arthur Holly Compton

Physiology and Medicine

"for his discovery of the effect n. . . . . o
1924 - Karl Manne Georg Siegt 1262 - Francis Harry Compton Crick, James Dewey Watson and Maurice Hugh Frederick Wilkins

p L . - . TR . . o i
s o TEem—_" for their discoveries concerning the molecular structure of nucleic acids and its significance for information transfer in living material

1921 - Albert Einstein 1976 - William N. Lipscomb

"for his services to Theoretical Physics, a "for his studies on the structure of boranes illuminating problems of chemical bonding"
1918 - Max Karl Ernst Ludwig Planck 1972 - Christian B. Anfinsen

"in recognition of the services he rende "for his work on ribonuclease, especially concerning the connection between the amino acid sequence and the biologically active
1917 - Charles Glover Barkla conformation”

"for his discovery of the characteristic R¢ 1972 - Stanford Moore and William H. Stein
1915 - Sir William Henry Bragg and Wil "for their contribution to the understanding of the connection between chemical structure and catalytic activity of the active centre of

"for their services in the analysis of cryst the ribonuclease molecule”
1914 - Max von Laue 1964 - Dorothy Crowfoot Hodgkin

"for his discovery of the diffraction of X-t "for her determinations by X-ray techniques of the structures of important biochemical substances”
1905 - Philipp Eduard Anton von Lenar 1962 - Max Ferdinand Perutz and John Cowdery Kendrew

"for his work on cathode rays” "for their studies of the structures of globular proteins”
1901 - Wilhelm Conrad Rontgen 1936 - Petrus (Peter) Josephus Wilhelmus Debye

"in recognition of the extraordinary servi "for his contributions to our knowledge of molecular structure through his investigations on dipole moments and on the diffraction of X-
rays and electrons in gases"
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https://www.nobelprize.org/nobel_prizes/physics/laureates/2002/giacconi-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1981/siegbahn-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1961/mossbauer-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1958/cerenkov-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1958/frank-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1958/tamm-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1936/hess-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1927/compton-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1924/siegbahn-facts.html
https://www.nobelprize.org/nobel_prizes/physics/laureates/1921/einstein-facts.html
https://www.nobelprize.org/nobel_prizes/physics/laureates/1918/planck-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1917/barkla-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1915/wh-bragg-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1915/wl-bragg-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1914/laue-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1905/lenard-facts.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1901/rontgen-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2012/lefkowitz-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2012/kobilka-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2011/shechtman-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2009/ramakrishnan-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2009/steitz-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2009/yonath-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2006/kornberg-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1988/deisenhofer-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1988/huber-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1988/michel-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1985/hauptman-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1985/karle-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1976/lipscomb-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1972/anfinsen-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1972/moore-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1972/stein-facts.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1964/hodgkin-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1962/perutz-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1962/kendrew-facts.html
https://www.nobelprize.org/nobel_prizes/chemistry/laureates/1936/debye-facts.html
https://www.nobelprize.org/nobel_prizes/medicine/laureates/1962/crick-facts.html
https://www.nobelprize.org/nobel_prizes/medicine/laureates/1962/watson-facts.html
https://www.nobelprize.org/nobel_prizes/medicine/laureates/1962/wilkins-facts.html

- SYNCHROTRONS AND XFELS: THE MOST ADVANCED TOOLS FOR X-RAY SCIENCE AND APPLICATIONS

Fundamental, applied and industrial research
Large variety of a applications for a common goal: link Function to Atomic Structure

ADVANCED MATERIALS ENERGY & ENVIRONMENT
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SYNCHROTRONS AND XFELS: THE MOST ADVANCED TOOLS FOR X-RAY SCIENCE AND APPLICATIONS

Many excellent synchrotron and X-FEL X-ray sources in the world
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- INVESTIGATING MATTER

Atoms — Molecules — Condensed Matter
Phase Diagram for Water
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Critical

What makes matter &8
changing among its |
different phases?

 How geometrical patterns and bonding
among atoms relate to the properties of a
material?

» This is the very FUNDAMENTAL and
APPLIED research question that
chemists, physicists, biologists and
material scientists are continuously
asking —and quite often answers are the

basis for new challenging questions
The European Synchrotron | ﬁgi;f




- INVESTIGATING MATTER

Atoms — Molecules — Condensed Matter

Phase Diagram for Water
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Structure of matter and chemical bond

Chemical bond — everything goes back to the atoms, the fundamental constituents of condensed matter:
Atoms bound to each other, and through this bonds give rise to molecular complexes and to the infinite
multitude of forms of matter around us: but why is it so?

The Periodic Table

1 2
H He
~_——ChargeZ
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Li Bet—— Atom Symbo| B C N 0 F Ne
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The Danish physicist Niels Bohr, (Physics Noble Prize in 1922), at the beginning of
last century was studying the emission spectrum of isolated atoms.

Trying to understand why light emitted by an excited atom has always the same
colours (frequencies), he made a very simple, elegant and genial hypothesis:

The Hydrogen
Direction of b emission lines

cathode ra Y
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The Danish physicist Niels Bohr, (Physics Noble Prize in 1922), at the beginning of
last century was studying the emission spectrum of isolated atoms.

Trying to understand why light emitted by an excited atom has always the same
colours (frequencies), he made a very simple, elegant and genial hypothesis:

Electrons in an atom are stable only when in a state (orbital) with well n=3

defined shape, symmetry, ... and discrete (quantised) values of energy:

» The fundamental state is the one with the lowest energy n=2 /

» An excited state has one or more electrons in a higher energy orbital, n=1 * VW=
and - when it decays to a lower energy state — energy is released in the 76 AE = ht

form of a photon with energy (colour) equal the energy difference

between the two states

v QUANTUM MECHANICS WAS BORN o3
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The world of atoms and states of matter

Bohr hypothesis leads to an atom model with negatively charged electrons in
orbits surrounding the nucleus

 Electrons with increasing energy occupies larger volumes: they increasingly
explore the world surrounding them

While mass and positive charge concentrated in the nucleus, the atom size is
determined by the orbits these outer electrons with a volume typically one
thousand of billions larger than the nucleus

e QUANTUM MECHANICS was born, and since then a completely different
approach to understand the origin of condensed matter and of chemical
bonding started to develop

"We must be clear that when it comes to atoms, language can
only be used as in poetry” —Niels Bohr

-_} CLON
o £
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The world of atoms and states of matter

«  The atom is empty: one thousand of billions larger than the Sigma Bond Formation
massive nucleus SEeals
e Chemical bonding is due to the interaction among few outer
electrons (~1 to 5 out of few to ~50 -100) between atoms close
to each other s-orbital s-orbital
 This makes condensed matter impenetrable to itself! > -
constructive interference
» All this depends on the quantum nature of atoms, and they way (in phase)

the atom high energy electrons bonds with other atoms @

electron probability
density increases

O bonding orbital
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- INVESTIGATING MATTER

Atoms — Molecules — Condensed Matter

Phase Diagram for Water
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Atoms — Molecules — Condensed Matter
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Collective motion of atoms in solids can be described as hypothetical
particles called phonons

A phononis a quantized collective excited state
of a medium of elastically connected particles,
identified by its velocity, effective mass, energy
(2 and polarization (Lor T)

V@V

Q, QL

* Phonons play a major role in many of the
physical properties of condensed matter, like
thermal and electrical conductivity, phase
stability, phase transitions, super-fluidity.

 The study of phonons is an important part of
condensed matter physics.
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Determine the phonon properties by Inelastic Scattering from phonons

e Energy transfer=Phonon Energy:
E,-E;=E (0.1- 100 meV)
Momqptu transfer:
) K. —k = (0.1-100 nm-?)
Neutrons of ~ 0.1 eV ~ AE/E=0.01
X-ray X-rays Of ~ 10 000 eV ~ AE/E=0.0000001
nleutron - X-Ray Measurements of Phonon Spectra — Aschcroft&Mermin (1976) — Solid state Physics, p.469
electron
helium atom = it is possible for X-rays, like neutrons, to be inelastically scattered with the emission and/or
absorption of one or more phonons. However, the change in the energy of an inelastically
scattered X-ray is so small that is extremely difficult to measure. ... In general the resolution of
such minute X-ray frequency shifts is so difficult that one can only measure the total scattered
radiation of all frequencies, .... As a result of these considerations X-ray scattering is a far less
powerful probe of the phonon spectrum than neutron scattering.
Page 23 VERLEIHUNG DER ROENTGEN-PLAKETTE | REMSCHEID 6 APRIL 2019 | Francesco Sette
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- WHY X-RAYS WHEN WE HAVE NEUTRONS?

Why do we want use X-rays when it is so difficult, and we have neutrons?

No kinematic limitations for X-rays: AE independent of Q
Explore new phonon Q-Q2 range
* Disordered solid systems (glasses) and liquids:
s Interplay between structure and dynamics at the nanometer scales
+* Relaxations at picosecond time scales
**Nature of sound propagation and attenuation

T % 0 % . S AR
< 13
S§STRLISE, P
TERIRILNS £
4 | £333
3

Small sample volumes: 10 - 10> um?3

 (New) materials in very small quantities e
* Very high pressures > 1Mbar

e Study of surface phenomena Diamond

Ld
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Vibrational spectroscopy: historical insight

Infrared absorption - 1881

W. Abney and E. Festing, R. Phil. Trans. Roy. Soc. 172, 887 (1881)

Brillouin light scattering - 1922

L. Brillouin, Ann. Phys. (Paris) 17, 88 (1922)

Raman scattering — 1928 — 1930 Nobel Prize in Physics

C. V. Raman and K. S. Krishnan, Nature 121, 501 (1928)

TDS: Phonon dispersion in Al — 1948

P. Olmer, Acta Cryst. 1 (1948) 57

INS: Phonon dispersion in Al — 1955 — 1994 Nobel Prize in Physics

B.N. Brockhouse and A.T. Stewart, Phys. Rev. 100, 756 (1955)

IXS: Phonon dispersion in Be — 1987 - ~ 50 meV

B. Dorner, E. Burkel, Th. lllini and J. Peisl, Z. Phys. B — Cond. Matt. 69, 179 (1987)

NIS: Phonon DOS in Fe — 1995

M. Seto, Y. Yoda, S. Kikuta, X.W. Zhang and M. Ando, Phys. Rev. Lett. 74, 3828 (1995)

IXS: Density Fluctuations in Water — 1995 -~ 1 meV

F. Sette, G. Ruocco, M. Krisch, U. Bergmann, C. Masciovecchio, V. Mazzacurati, G. Signorelli, and R. Verbeni, Physical Rev. Lett. 75, 850 (1995)
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- Ultra-high energy resolution Inelastic X-ray Scattering:

Experimental Principle and Layout ESRF ID16 IXS spectrometer
E.Q

E Kk A 120m X-ray beam
outr =out
path from source to
........................................................... detector, with less
than 20 cm total
vertical displacements

Spherical analyzer
crystal Si(h,h,h)

Monochromator crystal
R=25,650r11m

X % Multilayer
e ) — Monochromatic beam

Z
1

Premonochromatic beam
Cylindri

Double-crystal Si(1,1,1)
premonochromator

P Y\

= l’ m Temperature control of Si

" crystals selecting the energies
of incoming and outgoing X-
rays: 0.0005 C @ RT

0 TEY W
oA
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HIGH RESOLUTION ANALYSER

* “Backscattering Geometry” (again the cotangent business ...) from perfect silicon “ spherical” crystals
5 analyser crystals in the horizontal arm

600 ———————
- [ Si(13,13,13)
500 E=25702 eV

Intensity (a.u.)
3

Energy (meV)

“A perfect crystal X-ray analyser with meV energy
resolution”, C Masciovecchio, U Bergmann, M
Krisch, G Ruocco, F Sette, R Verbeni, Nuclear
Instruments and Methods in Physics Research
Section B: 11 (1-2), 181-186, 1996 ;,‘.}

The European Synchrotron | ﬁSRf

Page 27 VERLEIHUNG DER ROENTGEN-PLAKETTE | REMSCHEID ¢



- DOES EXIST A TIME SCALE AT WHICH A LIQUID BEHAVE AS ITS SOLID COUNTERPART?

Positive Sound dispersion and visco-elasticity in liquids:
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» Water collective dynamics at high energy (>5 meV) and momentum (>2nm-) 40 20 0 20 40 60 80
becomes solid-like and very similar to ice: fast sound and transverse-like dynamics Energy (meV)
» Transition from a viscous liquid to an elastic solid
F. Sette et al., Physical Rev. Lett. 75, 850 (1995) and 77, 86 (1996), and G Ruocco, F Sette, et al. Nature 379 (6565), 521, (1996) P
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Positive Sound dispersion and visco-elasticity in liquids:
First observation of visco-elastic transitions in liquids, normal-to-fast sound

Normal-to-fast sound transition in water
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M. Sampoli, G. Ruocco and F. Sette et al.,
Physical Rev. Lett. 79, 1679 (1997)
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SYNCHROTRONS AND XFELS: THE MOST ADVANCED TOOLS FOR X-RAY SCIENCE AND APPLICATIONS

Most advanced high energy X-ray sources in the world

2009 — PETRA 11, HAMBURG - 6 GeV
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| o 03 S

New PETRA IV storage ring

_RADIATION FACILITY, GRENOBLE - 6 GeV to be de]ivered in 2024
New ESRF EBS [ \ fobed

StOFage ring to ESRF 2017—EUROPAELAN-XFEL,HAMBURG‘—17.GeV
be delivered in ESlRse s

2020 ,, SR X
Delivered in 2017 %

SN
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- ESRF EBS: AN AMBITIOUS NEW STANDARD FOR SYNCHROTRON STORAGE RINGS

ESRF Extremely Brilliant Source
The 15t high-energy 4t"-generation synchrotron light source

Pantaleo Raimondi wins the Gersch Budker
IPAC17 Prize

For his invention of the “Hybrid Multi Bend
Achromat” (HMBA) lattice, which has become
the design basis of most future “fourth
generation” synchrotron sources in the world

Brilliance (photons/s/mm?2/mrad?/0.1%BW)
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- EBS: AN INTERNATIONAL COOPERATION TOWARDS A NEW GENERATION OF SYNCHROTRONS

Moderate gradient Quadrupole
& dipole-quadrupole magnets

High-gradient
Quadrupole & _I'_

sextupole magnets

SS vacuum
chambers

Vacuum valves
Octupole

magnets

S
....

The new EBS storage

Vacuum chambers & Girder is composed of 129
absorbers such girders W

3 (O
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THE EBS STORAGE RING STARTS TO TAKE ITS SHAPE: ASSEMBLED NOW — OPERATIONAL IN 11 MONTHS
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- THE EUROPEAN SYNCHROTRON ESRF: AN INTERNATIONAL CENTRE OPERATED BY 22 PARTNER COUNTRIES

e ———

13 Member states: 22 PARTNER COUNTRIES — 30 YEARS OF INTERNATIONAL COOPERATION
France 27.5% i - i ~.
Germany 24.0 %

Italy 13.2 % ,

United Kingdom 10.5 % ; ' ESRF
Russia 6.0 % : G bl
Benesync 5.8% . renobie
(Belgium, The Netherlands) i France
Nordsync 5.0 % ;

(Denmark, Finland, Norway, Sweden)

Spain 4.0 %

Switzerland 4.0 %

9 Associate countries:

Austria 1.75 %
Israel 1.75 %
Centralsync 1.05%
(Czech Republic, Hungary, Slovakia)

Poland 1.0%
Portugal 1.0%
India 0.66 %
South Africa 0.30 %
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Thank you all very much for your kind attention,

hospitality and for this wonderful AWARD &?
| wish to dedicate this award to: &
 AGNESE, and o

» To the NEXT GENERATION OF SCIENTISTS, who have the' - 8
hard challenge to build a peaceful and sustainable world \”

:'::"-'u":f:]
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